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ABSTRACT

The transcriptional regulation of human biglycan expression under normal and pathological conditions was
studied. The 5'-flanking regions of the human and mouse genes were isolated and analyzed; the two promoter
regions share 81% identity. Both promoters are without a TATA and CAT box and contain multiple Sp1 sites.
Human dermal fibroblasts were transiently transfected with progressive deletional human biglycan 5'-flanking
DNA-CAT constructs, and a significant variation in activity among the individual constructs was found. A small
deletion in several cases caused a more than 2-fold increase or decrease in promoter activity, thereby mapping the
target sites for repressors or activators. Human biglycan expression is reduced in females with Ullrich-Turner
syndrome (45,X) and increased in individuals with supernumerary sex chromosomes, and it has been speculated
that biglycan plays a role in the short stature phenotype of Turner syndrome. Analysis of the transcriptional
regulation of biglycan in individuals with sex chromosome anomalies showed that a —262 to —218 region of the
biglycan promoter was differentially regulated. This region was extensively analyzed by DNAse footprinting and
electrophoretic mobility shift assays, and a putative binding site for the transcription factor c-Krox was discovered.
The binding of c-Krox to a site located at approximately —248 to —230 in the human biglycan promoter was
confirmed by using extracts from COS cells expressing recombinant human c-Krox. The expression of c-Krox in
bone was then examined by reverse-transcribed polymerase chain reaction and Northern blotting analysis; an ~3.4
kb transcript was detected in primary osteoblastic cells, in MG-63 cells, and in human bone marrow stromal cells.
This is the first detection of c-Krox in bone cells, and it suggests that c-Krox, like another member of the Krox
family, Krox-20, might play a regulatory role in bone. (J Bone Miner Res 1997;12:2050-2060)

INTRODUCTION function.® Biglycan has been shown to bind to transform-
ing growth factor-B1, -2, and -3 (TGF-B)® as well as type I
collagen fibrils.* It has been proposed to participate in the

BIGLYCAN is a small, leucine-rich, proteoglycan that, in
structural organization of the extracellular matrix and to be

the developing human fetus, is present in bone, skin,

and a few other specialized connective tissues.”’ The func-
tion of biglycan is unknown, and comparison of the amino
acid sequence of human, mouse, rat, and bovine biglycan
core proteins shows it to be highly conserved among species
(more than 90% identity), suggesting an essential biological

involved in the regulation of TGF-B activity.® In addition,
the localization of biglycan in developing bone to growth
plates and preosteogenic cells has pointed toward a role in
osteoblast differentiation.

The human biglycan gene has been isolated and character-
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ized®”; it contains eight exons and has been mapped to the
long arm of the X chromosome to a localization within the
Xq28 region.® Recently, it was shown that biglycan mRNA
and protein expression is affected in individuals with sex chro-
mosome anomalies.” In fibroblasts from females with Ullrich-
Turner syndrome (45,X) there was a significant decrease in
biglycan expression to 55% of the level observed for cells from
normal male (46,XY) and female (46,XX) donors and an
increased expression in cells from individuals with additional
sex chromosomes (e.g., 47,XXY or 49,XXXXY).® This sug-
gested that biglycan mimics a pseudoautosomal gene that
should be present both on the X and Y chromosomes and not
subject to X inactivation. Because this is not the case, a hy-
pothesis was proposed that suggested the presence of a bigly-
can regulatory factor in one of the pseudoautosomal regions
on the sex chromosomes. The pseudoautosomal region (PAR1)
on the telomere of the X and Y chromosomes'® has been
shown to contain gene(s) that are involved in the Ullrich-Turner
phenotype!’'® and part of the determinant of stature."'” It
has therefore been speculated that since biglycan potentially
has a role in skeletal development it might be one of the
molecules linking a regulatory “Turner gene” to growth.’

To elucidate the mechanisms involved in the transcrip-
tional regulation of biglycan, we cloned the 5’ regulatory
regions of the human and mouse biglycan genes and found
that the two promoters are 81% homologous. Progressive
deletions of the human biglycan 5’ region were subcloned
into a chloramphenicol acetyltransferase (CAT) expression
vector and transfected into human dermal fibroblasts de-
rived either from normal males or females or from individ-
uals with Ullrich-Turner syndrome or with supernumerary
sex chromosomes. Target areas for either repressors or
activators of biglycan transcription were identified. A bigly-
can promoter construct, which contained an AP2 site and a
putative binding site for the transcription factor c-Krox,
showed increased transcriptional activity when transfected
into fibroblasts with the genotype 47,XXX or 49, XXXXY.
Subsequently, evidence was provided that c-Krox, but not
AP2, binds to this region in the biglycan promoter. c-Krox
was recently discovered to be a zinc finger transcription
factor that can increase the transcriptional activity of the
mouse al (I) collagen promoter through its binding to two
GC-rich sequences.'> In the mouse, c-Krox mRNA is
predominantly expressed in skin and it colocalizes with al
(I) collagen mRNA during mouse development.'* Even
though a1 (I) collagen is highly expressed both in fibro-
blasts and osteoblasts, no expression of c-Krox was ob-
served in mouse bone, and it was suggested that c-Krox
specifically is involved in the transcriptional regulation of
collagen in fibroblasts. In this paper, we present evidence
that c-Krox is also involved in the transcriptional regulation
of human biglycan and that c-Krox mRNA is expressed in
human osteoblastic cells and bone marrow stromal cells.

MATERIALS AND METHODS
Cloning of human and mouse biglycan 5'-flanking DNA

Five hundred thousand plaques from a human Lambda
FIX II genomic library (Stratagene, La Jolla, CA, U.S.A.)
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were screened with the human biglycan cDNA, clone
P16, as previously described.® Ten positive clones were
isolated and analyzed in Southern blots with a biglycan
promoter-specific oligonucleotide (-499 to —481) as probe.
A positive 1.9 kbp SstI fragment was then isolated and
subcloned into both Bluescript II SK™ and M13 mpl9
(Stratagene) and then DNA sequenced in both directions.
When necessary, deoxyinosine 5’ triphosphonate (dITP)
was used instead of deoxyguanosine triphosphonate
(dGTP) to resolve the sequence of regions with strong
compressions (Protocol for Sequence®, Version 2.0 DNA
sequencing kit, United States Biochemical, Cleveland, OH,
U.S.A.). Mouse biglycan genomic DNA was obtained from
a 129/SVJ mouse genomic library (kindly donated by Dr.
T.C. Doetschman). The rat biglycan ¢cDNA (a kind gift
from Dr. K.L. Dreher)'® was used to screen 500,000
plaques. Five clones were isolated and analyzed by South-
ern blotting, and a 1.0 kbp BamHI-Sacl fragment was
isolated, subcloned, and both strands DNA sequenced.

Construction of biglycan promoter-CAT vectors

Ten micrograms of pUC18 vector (P OBCAT7/pOBCATS;
a generous gift from Dr. C.C. Baker),"'” containing the
SV40 early promoter, the SV40 late splices, and the CAT
gene, was cleaved with Bg/Il and BamHI (pOBCAT?7) or
HindIll and Kpnl (pOBCATY), thereby releasing the SV40
early promoter and the SV40-late-16S/19S splice donor and
the SV40-late-19S splice acceptor, but leaving the SV40-
late-16S splice acceptor. The DNA was then dephosphory-
lated with bacterial alkaline phosphatase to prevent religa-
tion. Eleven deletional fragments of the biglycan promoter
with the appropriate restriction sites were generated using
the polymerase chain reaction (PCR). The 5’ end primers
created either a Bg/II (my157, my160, my162, my161) or a
HindIII (my281, my282, my283, my284, my285, my286) re-
striction site and in addition corresponded to the following
sites in the biglycan promoter: my281, —1208 to —1186;
my282, —873 to —856; my283, —-801 to —779; my284, —713 to
—-692; my285, —675 to —657; my286, —660 to —637; my157,
—497 to —476; my160, —428 to —407; my162, — 262 to —241;
myl161, -218 to —198. Three different 3’ end primers were
used; my158 corresponded to the reverse and compliment
of biglycan intron 1 from +204 to +224 and created a
BamHI restriction site, my287 contained almost the same
sequence as myl58 but created a Kpnl site, and My159
corresponded to the reverse and compliment sequence of
exon 1 from +65 to +85 and created a BamHI restriction
site. The primers were purchased either from Synthecell
(Rockville, MD, U.S.A.) or Midland Certified Reagent
Company (Midland, TX, U.S.A.). A 1.9 kbp SstI fragment
of biglycan genomic DNA (-1218 to +642) previously sub-
cloned into Bluescript II SK- (Stratagene) was used as
template for the reactions. Eleven PCR reactions were
performed using standard procedures recommended by the
manufacturer (GeneAmp DNA Amplification Reagent Kit,
Perkin Elmer Cetus, Norwalk, CT, U.S.A.) with the follow-
ing primer combination: my281/my287, my282/my287,
my283/my287, my284/my287, my285/my287, my286/my287,
my157/my158, my157/my159, my160/my158, my162/my158§,
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and my161/my158. The PCR products were treated with
Klenow enzyme, cleaved with either Bgl/Il and BamHI or
HindIll and Kpnl, and isolated by electrophoresis in 1.5%
TBE agarose gels followed by NA-45 paper extraction. The
treated PCR products were then ligated to the linearized
CAT vector and the inserts sequenced to verify that no
mutations had been introduced. All constructs were cesium
chloride gradient purified twice, precipitated multiple
times, and resuspended in deionized H,O.

Cells

Human fibroblasts were obtained from skin biopsies from
patients and healthy controls seen at the outpatient clinic of
the Department of Medical Genetics at the University of
Ulm, Germany as previously described.” Routine karyo-
typing was performed on all cell lines. The cells were used
at passages 8-16. The WI-38 fibroblast cell line was a
generous gift from Dr. Ulla Wewer. The osteoblastic cells
were derived from collagenase-treated human trabecular
bone fragments using surgical waste according to National
Institutes of Health-Institutional Review Board approved
procedures and cultured in low calcium medium as de-
scribed previously.'"® Human bone marrow stromal cells
were obtained and cultured as described previously.**

Transfection experiments

The DNA was introduced into the cells using a calcium
phosphate method described previously.®” Briefly, 15 ug
of biglycan promoter-CAT-vector DNA and 2.3 ug of
CMV-promoter-luciferase vector DNA®V in a total volume
of 450 ul of H,O was mixed with 50 ul of 2.5 M CaCl, and
then slowly added to 500 wl of 2X HEPES buffer. After 20
minutes of incubation at room temperature, the DNA so-
lution was added to the fibroblasts (100-mm dishes, 13,000
cells/cm?, 9 ml of complete medium with 10% heat inacti-
vated fetal calf serum from Hyclone Laboratories, Logan,
UT, U.S.A.) and incubated at 37°C and with 5% CO.,. After
~14 h, the cells were washed twice in phosphate buffered
saline, and fresh complete medium was added. The cells
were harvested 48 h after the addition of DNA. A CAT
assay System (Promega E1000, Promega Biotech, Co.,
Madison, WI, U.S.A.) was used for measuring CAT activity.
The cell extracts and the CAT enzyme assays were per-
formed as described in the Promega protocol using freeze-
thaw cycles, the standard reaction enzyme assay, and liquid
scintillation counting. For each standard reaction, 50 ul of
cell extract, 5 ul of **C-chloramphenicol, 5 ul of n-butyryl
Coenzyme A, and 65 ul of 0.25 M Tris-HCI, pH 8.0, were
used. The samples were incubated for 16-18 h. The lucif-
erase activity was measured using a luminometer (Mono-
light 2010, Analytical Luminescence Laboratory, San Di-
ego, CA, U.S.A.). Ten microliters of cell extract was added
to 350 ul of assay buffer (25 mM glycylglycine, pH 7.8, 25
mM MgSO, 2 mM ATP, 10% glycerol, and fresh 1 mM
DTT), and the instrument injected 100 ul of 1 mM
p-luciferin-potassium salt (Analytical Luminescence Labo-
ratory). Two samples were measured from each cell extract.
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RNAse protection assay

Total RNA was isolated (as described below) from
MG-63 cells which had been transfected with 15 ug of
biglycan-promoter-CAT vector per dish. The RNA was
dissolved in TE buffer and treated with RQ1 DNAse (Pro-
mega) in the presence of 10 mM MgCl,, 1 mM DTT, and
5 U of RNAsin (Promega) as previously described.?
Poly(A) RNA was prepared using a Poly(A) Quik mRNA
isolation kit (Stratagene) according to the manufacturer’s
instructions. To investigate the exact sequence of the bi-
glycan-CAT vector transcripts, total RNA from MG-63 cells
transfected with the —262 biglycan-promoter-CAT-construct
was reverse transcribed and subsequently used in a PCR. A
226 bp product was generated corresponding to the ex-
pected size if the biglycan-CAT transcripts had undergone
splicing. The up- and downstream primers corresponded to
+21 to +40 (5'-GAGTGAGTAGCTTTCGG-3') in the bi-
glycan exon 1 and to the N-terminal of the CAT gene
(5'-CTCCATTTTAGCTTCTTAGC-3"), respectively, and
the reverse transcribed polymerase chain reaction (RT-
PCR) was performed as recommended by the manufacturer
(Perkin Elmer, RNA PCR kit). After TA-cloning (Invitro-
gen, San Diego, CA, U.S.A.), the RT-PCR product was
DNA sequenced. The sequence analysis showed that the
biglycan intron and the SV40 DNA had been removed by
splicing at the biglycan splice donor site and the SV40 splice
acceptor site. To generate an antisense probe for the
RNAse protection assay, an Accl-Spel fragment of the
biglycan gene (-185 to +98) was inserted into the Accl-
Spel sites in pBluescript KS (Stratagene), and a Spel-Xbal
fragment of the RT-PCR product from the transfected cells
was then inserted into the Spel-Xbal sites of the same
vector, thus generating an Accl-Xbal fragment containing
185 bp upstream biglycan DNA, biglycan exon 1, and 67 bp
of the CAT gene. The vector was linearized with Xhol, gel
purified, and 0.3 ug was in vitro transcribed using T7 RNA
polymerase and the Riboprobe In Vitro Transcription Sys-
tem (Promega). The RNAse protection assay was per-
formed using the RPA II Ribonuclease Protection Assay
Kit (Ambion, Inc., Palo, Alto, CA, U.S.A.). The products
were resolved by 6% denaturing polyacrylamide gel elec-
trophoresis and visualized by autoradiography.

Nuclear and whole cell extracts

A modification of the method of Dignam et al.*» was
used to prepare nuclear extracts from confluent cultures of
human skin fibroblasts. The following changes in the
method were made: One Complete protease inhibitor cock-
tail tablet (Boehringer Mannheim, Mannheim, Germany)
per 50 ml buffer was used in all the buffers instead of
polymethylsulfonyl fluoride (PMSF) and dithiothreitol
(DTT). Additionally, dialysis was omitted, but the extracts
were concentrated using Microcon-30-microconcentrators
from Amicon according to the manufacturer’s instructions.
The protein concentration in the extracts was determined
using a Bio-Rad Protein Assay Kit I (BioRad, Melville, NY,
U.S.A.). A confluent cell culture in a 150-mm dish resulted
in 35 ul of nuclear extract with a protein concentration of
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~10 pg/ul. HeLa nuclear extract was obtained from Pro-
mega. Whole cell extracts from COS cells transfected with
either c-Krox sense or antisense expression vectors were
constructed as described elsewhere.¥

DNAse footprinting

A -428 biglycan-promoter-CAT construct was treated
with Bglll and Accl, thereby releasing a 240 bp biglycan
promoter fragment (-428 to —188). The fragment was iso-
lated by NA-45 paper extraction and subcloned into a Blue-
script II SK™ vector which had been cut with BamHI and
Accl. A large-scale preparation was made of the new con-
struct, and the promoter fragment was then released with
Notl and Apal, which flank the BamHI-Accl insertion sites.
The fragment was purified and both ends were labeled
using T4 polynucleotide kinase in a reaction that contained
8 U of enzyme, 0.3 ug of DNA, 50 uCi of [y-**P]ATP (at
3000 Ci/mmol, 10 mCi/ml), and kinase buffer (50 mM
Tris-HCI, pH 7.5, 10 mM MgCl,, 5 mM DTT, 0.1 mM
spermidine, 0.1 mM EDTA). The total volume of the reac-
tion (20 wl) was incubated at 37°C for 30 minutes. Then an
additional 8 U of the enzyme was added, and the incubation
was continued for 30 minutes. To remove the 5’ end label,
the DNA was digested with Spel, extracted once with phe-
nol:chloroform:isoamyl alcohol and once with chloroform:
isoamyl alcohol, purified on a G-50 spin column, ethanol
precipitated, and the pellet washed twice with 1 ml of 70%
ethanol, dried, and resuspended in 100 ul of TE buffer. A
Stratagene HotFoot buffer kit was subsequently used for
the binding reactions and the DNAse treatment, which
were performed essentially as recommended by the manu-
facturer with the following exceptions: for each reaction,
the activity of the probe was 50,000—-100,000 cpm, 2 pg of
poly(dI-dC) was used, and the DNAse I from the kit was
substituted with DNAse I from Worthington Biochemical
Corporation (Freehold, NJ, U.S.A.). To identify the areas
corresponding to the footprints, the probe was DNA se-
quenced with the New England Nuclear Maxam-Gilbert
DNA sequencing system (New England Nuclear, Danvers,
MA, U.S.A.). The products from the footprinting and the
sequencing reactions were resolved on a denaturing 10%
polyacrylamide gel and visualized by autoradiography.

Electrophoretic mobility shift assay

Double-stranded, polyacrylamide gel purified oligonucleo-
tide probes (custom-made, DNA technology, Aarhus, or
Pharmacia Biotech, Allerod, Denmark) were end-labeled
with [y->2P]ATP, and then for each electrophoretic mobility
shift assay (EMSA) reaction (total volume 15-17 ul), 50,000
cpm was mixed with 2 ug of poly(dI-dC) (Pharmacia), 10
wl of buffer (20 mM HEPES, pH 7.9, 20% glycerol, 50 mM
KCL, 0.5 mM DTT), H,O, and ~40 ug of nuclear protein.
After 25 minutes of incubation at 30°C, 1 ul of 0.25% xylene
cyanol-bromophenol blue was added to each sample, which
was then resolved on a 6% nondenaturing polyacrylamide
gel (6% polyacrylamide, gelshift running buffer, 2.8% glyc-
erol, 0.1% ammonium persulfate and N,N,N’,N’-tetrameth-
ylethylene-diamine [TEMED)]) in gelshift running buffer
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(50 mM Tris, 380 mM glycine, 2 mM EDTA, pH 8.5). The
gel was dried and the bands were visualized by autoradiog-
raphy.

RT-PCR and Northern blots

Total RNA was isolated using the guanidine isothiocya-
nate method and cesium chloride purification as previously
described.® First strand cDNA synthesis was performed
as recommended by the manufacturer (Pharmacia, First-
Strand cDNA Synthesis Kit). The NotI-d(T),4 primer from
the kit, and 1 pg of total RNA was used for each reaction
in a 15 ul reaction volume. One microliter of the single-
stranded complimentary DNA product was then amplified
by PCR in a 50 ul reaction volume with the following con-
ditions: 50 mM KCl, 10 mM Tris-HCI (pH 8.3), 1.5 mM
MgCl,, 0.001% gelatin, 0.2 mM of each dNTP, 0.4 mM for-
ward primer (5' - CAAGACAAGCTGGTGCGCAAACG-3'),
0.4 mM reverse primer (5'-CCTCACAGGTGGCACTCA
TAG-3"), 0.5 ul AmpliTaq Gold polymerase (Perkin Elmer),
1 cycle at 94°C for 11 minutes, then 26 cycles of 94°C for 1
minute, 63°C for 1 minute and 72°C for 1 minute, then 1
cycle at 72°C for 7 minutes. The PCR products were re-
solved by agarose gel electrophoresis (1% agarose gel) and
visualized by ethidium bromide staining.

For Northern blot analysis, 20 ug of total RNA was
loaded in each lane of a denaturing formaldehyde agarose
gel as previously described® and separated by electro-
phoresis at 13 V for 20 h. The RNA was transferred to
nitrocellulose (BA-S 85, Schleicher & Schuell, Inc., Keene,
NH, U.S.A.) and cross-linked in a UV Stratalinker 2400
(Stratagene). The blot was prehybridized at 42°C for 3 h in
5X SSC, 5X Denhardt’s solution, 20 wg/ml salmon sperm
DNA, 50% formamide and 10% dextran sulfate, and then
hybridized for 18 h at 42°C in the same solution with a
[a-*?P]dCTP-labeled (Rediprime DNA labeling system,
Amersham International, Little Chalfont, Buckingham-
shire, U.K.) 1.8 kbp human c-Krox cDNA.* The blot was
washed repeatedly in 2X SSC, 0.1% SDS, and 0.1X SSC,
0.1% SDS at room temperature and at 65°C, and after 1
week exposure visualized by a PhosphorImager SF (Molec-
ular Dynamics, Sunnyvale, CA, U.S.A.).

RESULTS

Cloning of human and mouse biglycan 5' DNA

A human biglycan cDNA" was used to screen a human
Lambda FIX II genomic library, and 10 clones were isolated
and analyzed. The clones were digested with the restriction
endonuclease SstI and analyzed by Southern blotting. An
~2 kbp band, which hybridized to an oligonucleotide cor-
responding to —499 to —481 of the promoter,'® was iso-
lated, subcloned, and DNA sequenced in both directions. It
contained a total of 1218 bp upstream from the start of
transcription. The sequence is in agreement with the re-
cently published sequence'” except for a G/C switch at
position —1204 and -1203. Computer analysis (Program
Manual for the Wisconsin Package, Version 8, Genetics
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GAGCTCCCCTGGGAGCATCCTCCCTGGCCTGGGACCTCCCAGACCCCACC
CCCCGGTTGAGTGATGGCACTGCCAGGGGTTGAAGACCCTCAGCCCTCGA
CGTTGTCCTCTCTCCATTGGATGCCGCCTCTCTCTAGCCACCCCTCTCTC
CCTCTCTGCCCCTTCGAGCTTTTTCTCTCAATATGCAATTTTCTCTTTTG
GTCTTCCGCACTCTTGGCCCCCAGTTCTATTGCAGATCTGTTTCTCACTC
CATCTAAACTCTTACCCCTGTGTCTCAGGAGCTGCTCTTGCTGAGGGAAG
AAGGGGACACTACGGGACAGGGGGGCAGTGTCGTACTAAGGACCTGGGCT
CTAGCCACTGGAGGAACTGGACTCATTTGGGCCCTCAGGAAGCGGCTGAG
TCTTGGTGGGGTAACCCGGTTAGCCCCCGTAAGTGACCAGCACAGGGCTG
AGCCCAGAGGAAGTGGCCACCCACAGAGTGGTTCTCATGTCCGAGGGGAC

-1218
-1118
-1018
-918
-818

C/EBP AP1 AP1
-718 C(TGCAGGGATTGAGCAAGAAGACTGACTCGCTGGATCCTTCGTCTCTGAA

SIF
TCAGTTCAGGGCAGGCAAGCTGGGGAGCCCCCTGCCCCGTCCTGCCACCA

-618 C(CAGCCGGATCGGGCCCTCTTTTTAAGGGAAGAAAGTCTGAAGTGGAAGG
GAGGGCACAGGGCGCCAGGAGCCTACATGAAGTCCTTCCAGAAATCCACA
ACAGCTACCTCTCTGATCCTGGAGAAACCACCTCCTTGCTTAGGCCCAAG
CAGGTTCCTGGCAGGCTCAGGACCAAATTCCAGGGGCCACTCATGGGCCT

AGCAGCCCAAGGCCGCCTCCCCCTCGTCTTTCTTCCATCTCTCTTTCCTC

-518
-418

NF1
TGCCTGGCGAGATGCCAGCCAGCACCTCAGTGTCCCCATCTGGGCAGTGG

AP1 - like
-318 AAAGTTTGACTCTCTGGGTCCTTGTTTGAGTGAGTGCGAGTGTGTCCGTT

AP2 G -richre
CCTTTGCTGTCTGLCCCAGG(GGGGGAGGGGGGGGGAG TGGTGGGGGCG

SP1
-218 AGGGGGCGGGGGCTCAGCTAGTCCAGCCGTCTACAAGAAAATTGCTCCCT

SP1-REV
TTGAAGCTGCCAGGGGGGCCGGGAAGLCTGLCCCCTCCTGCTCGCCCGCC

SP1-REV P1-REV
CTCTCCGLCCCACCAGECCCCTCCCTCCTTTCCTCCCTCLCCGLCCTCTC

SIF SP1-REV
CCCGCTGTCCCCTCCCCGTCGECCCECCTECCCAGCCTTTAGCCTCCCGC

-118

-18 (CGCCGLCTCTETCTCCC
FIG. 1. Sequence of human biglycan 5'-flanking DNA.
Putative binding sites for frans-acting factors are under-
lined.

Computer Group, Madison, WI, U.S.A.) of the biglycan 5’
DNA revealed two clusters of putative binding sites for
trans-acting factors (Fig. 1) With one region extending 428
bp upstream from the start of transcription and containing
a NF1-like site,?® an API1-like site,?” an AP-2 site,®® a
SIF element, and several putative SP1 sites.*” The other
region is situated between —718 and —620 and contains the
consensus sequence for the binding sites for C/EBP,CY
AP1 (two sites), and SIF.

The putative mouse promoter region was cloned from a
mouse genomic library using the rat biglycan cDNA as
probe.'® Five clones were isolated and analyzed. A 1 kbp
BamHI-Sacl fragment contained part of intron 1, exon 1,
and ~550 bp 5’ sequence. Comparisons were made to the
mouse biglycan cDNA sequence®" and the human gene.®
With few exceptions, the 5’ sequence was identical to the
sequence recently published®® (Fig. 2) Computer analy-
sis®” revealed that within the first 400 bases upstream from
the transcriptional start site of the human gene the two
biglycan promoter regions are 81% homologous (Fig. 2)

Transfection of normal human fibroblasts and
fibroblasts with sex chromosome anomalies

To investigate whether the human promoter could acti-
vate transcription and to identify possible regulatory ele-
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mouse CCTCATCTT CCTCTCACTTTCTTCTGCCTAGCCCCACAACAGCAA -373
LLLE T ||||||H||,L|:‘L||| [

human CCTCGTCTTTCTTCCATCTCTCTTTCC! CA -348
_NF

mouse GCACCTCAGTGTCCCCTTTTGGATAGTGGARAGTTTGACTCTGTGAGACT -323
humanHll””(l;'_Iplv_[r(l:é(!_‘éAIHI I(I;L(leyluulllllllllll‘ sos
TCTGGGC. T -
_ AP%-flie
mouse GTCTGCCCAAAGACACCAAGGGTCTGTCCCTAAGTAAGTGAATGTGT -276

S S o W A S Y R N AR

human GGGTCCTTGTTTGAGTGAGTGCGAGTGTGTC -273
C
mouse GTTCTTTCAAACTATGCTTGAGGCA( CAG GGT -234
[111 11 |
human CGTTCCTTTGCTGTC -223

c
mouse CGTGAGGGGGA!

GGGGTGCCACATAGACCAGCCGTCTACAAGAAAATTGCT -184
I%&” P ULV LT
human 1 TCAGCTAGTCCAGCCGTCTACAAGAAAATTGCT -173
SP
mouse GCCTGCCCCCTCCCTCCCAGC -134
|I|||II|I|II|I|II!I|I | IIIIIIIIIIIIIIIII
human CCCTTTGAAGCT GGGAAGCCTGCCCCCTCC -131

mouse 'I‘GCCC'I‘TCCTCCCCCCTTTTCTCCCT?TCTGCTCCACTAGCCCCC'I‘C CT -84

[ TLLLLELTEL
C

human TGCTC 'CAGCCCCCTCCCT -93
SPl-rev SPl-rev

mouse TCTTGTCTCCCTCTCCGCC CCGTCCCCTCCCTGTCGGCCCG -43

LT [ LT L1
human CCTTTCCTCCCTH CTCCCCGCTGTCCCCT CCG -43
Pl-rev

mouse CCCGCCCAGCCTTTAGCTTCCCTCCCACCGCCTCTGTCTCCC -1

|I||II||||||||||I IIIIIIIIIIIIIH

human CCTGCCCAGCCTTTAGC! GCCTCTGTCTCCC -1

SPl—rev

FIG. 2. Comparison of the 5’-flanking regions of the
mouse and human biglycan genes. Identical nucleotides are
connected with lines; putative binding sites in the human
promoter region are boxed. The dashes (-) above the mouse
sequence indicate bases not reported in the sequence re-
cently published,®® and the c’s above the mouse sequence
show bases that differ.

ments, 10 progressive deletional promoter-CAT-constructs
were made (Fig. 3) PCR was used to create DNA fragments
with different 5’ ends to include or exclude promoter ele-
ments. The 3’ ends included exon 1 and 91 bp of intron 1,
thereby contributing a splice donor to the construct, with
the CAT-vector providing the corresponding splice accep-
tor. The RNA could thus be spliced from the biglycan splice
donor to the SV40 splice acceptor. Because such a chimeric
construct has, in other genes, been shown to enhance
CAT expression,'” the CAT expression of the —428 con-
struct was compared with the expression of a similar con-
struct in which the splice donor was omitted. However, no
difference in CAT expression was found (data not shown).

All the 10 different deletional promoter constructs were
able to promote transcription in normal human dermal
fibroblasts; this was measured as an increase in CAT activ-
ity compared with a CAT construct without promoter
(Fig. 3). The increase varied from 9- to 43-fold depending
on the promoter fragment. The shortest fragment tested
contained 218 bp upstream from the start of transcription
and the longest construct contained 1208 bp of biglycan 5’
DNA. The —1208 construct was significantly less active than
most of the shorter constructs, suggesting the presence of
upstream repressor activity. The approximate locations of
at least two other regulatory elements possibly involved in
repressor activity were also identified. These elements are
located in the areas —497 to —428 and -801 to —713. Sig-
nificant increases in activity with the constructs -218, 262,
—428, —675, and —873 indicate the presence of multiple
regulatory elements that are targets for activators. Some of
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FIG.3. Human biglycan promoter activity. The left part of the figure illustrates the progressive deletional human biglycan
5'-flanking DNA-CAT constructs used for transient transfections in human dermal fibroblasts. The location of putative
binding sites for trans-acting factors is indicated by symbols. The right part of the figure shows the promoter activity for
the different constructs. CAT activity was divided by luciferase activity and expressed in percentage relative to the activity
of construct —428, which was arbitrarily set at 100%. The error bars represent the standard error of the mean, and the stars
indicate a statistically significant difference in activity for a promoter construct compared with the construct directly below
it. Statistical analysis was performed using analysis of variance and pairwise comparison by Tukey. Experiments were done

in triplicate and repeated between three to six times.

these could be AP1, AP2, NF1, SIF, and C/EBP’s since the
addition of 5’ biglycan DNA containing these sites coin-
cides with an increase in biglycan promoter activity.

RNAse protection assay of the biglycan-CAT transcripts
was performed to establish that the differences in CAT
activity among the different biglycan promoter-CAT-con-
structs did not arise from use of different initiation sites and
that the initiation sites used were the same as previously
determined for the endogenous gene.®” Poly(A) RNA was
isolated from MG-63 cells which had been transfected with
either the —262 biglycan-promoter-CAT construct or the
—-1206 biglycan-promoter-CAT construct. The constructs
display the same promoter activity whether they are trans-
fected into fibroblasts or MG-63 cells (data not shown). The
RNA was hybridized to an antisense probe which included
185 bp upstream from the transcriptional start site of the
biglycan gene as well as 67 bp of the CAT gene. The result
of the RNAse protection assay (Fig. 4) showed that the
transcripts from the two different constructs are initiated at
the same major site and that the pattern of protected
fragments with one predominant band surrounded by minor
bands is the same as seen with the endogenous gene.*” In
addition, the more intense signal that was generated with
the protected —262 construct transcripts as compared with
the —1208 construct transcripts corresponded to the results
obtained from the transfection experiments where the —262
construct showed a 2-fold higher activity than the —1208
construct (Fig. 3).

Individuals with abnormal numbers of sex chromosomes
have altered biglycan mRNA and protein expression com-

pared with normal controls. The level of biglycan expression
correlates to the number of sex chromosomes such that
Turner females (45,X) have the lowest levels of biglycan
and patients with supernumerary sex chromosome the high-
est.*”” We therefore wanted to examine the transcriptional
regulation of biglycan in cells from individuals with sex
chromosome anomalies. Transfections were performed
with dermal fibroblasts from either Ullrich-Turner females
(45,X, age 8 years), individuals with supernumerary sex
chromosomes (47,XXX, age 2 months; 49, XXXXY, age 9
years) or normal fibroblasts (46,XX, ages 2 month and 24
years). Four different biglycan promoter constructs were
used. There was an increased activity of the —262 biglycan
promoter construct in fibroblasts derived from patients with
the genotype 47, XXX (Fig. 5) and 49, XXXXY (data not
shown) compared to either normal fibroblasts or fibroblasts
from Turner females. This observation indicates that im-
portant regulatory activity may be contained in the 44 bp
sequence that resides between —262 and -218 in the human
biglycan promoter. For this reason, we decided to focus on
the 44 bp —262 to —-218 region in our further studies of the
transcriptional regulation of human biglycan.

DNAse footprinting and electrophoretic mobility
shift assays

The binding sites located in and around the 44 bp 262 to
—218 region in the human biglycan 5’ DNA were analyzed
using DNAse footprinting and EMSA. The 44 bp region
contains an AP2 consensus sequence and a G-rich sequence
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FIG. 4. RNAse protection assay to determine the initia-
tion sites of the transcripts derived from the —262 biglycan-
promoter-CAT-construct and the —1208 biglycan-promoter-
CAT-construct. The labeled antisense probe was hybridized
to various RNA and then digested with the RNAse
A/RNAse T1 solution (1:100 dilution) as described in Ma-
terials and Methods. The sources and amounts of RNA
used were as follow: 1.3 ug poly(A) RNA from cells trans-
fected with the —262 promoter-construct (lane 1), 1.6 pg
poly(A) RNA from cells transfected with the —1208 pro-
moter-construct (lane 2), 10 ug of torulla yeast RNA (lane
3), 40 pg of torulla yeast RNA (lane 4). In lane 5 is the
undigested probe; this is not in scale with the rest of the
figure.

with resemblance to the c-Krox binding site (Fig. 7B). Just
downstream for the G-rich site is an Spl consensus site.
DNAse footprinting with nuclear extracts showed a strong
footprint corresponding to the G-rich site and extending
partially onto the AP2 site and another footprint corre-
sponding to the Spl site just downstream (Fig. 6) DNAse
footprinting with recombinant Sp1 confirmed the binding of
Sp1 to the site at —216 to —208 and additionally showed a
weak protection of the G-rich site (Fig. 6, lanes 8 and 9).
Although the AP2 site was only partially protected in the
footprinting with nuclear extract, recombinant human AP2
binds specifically to the site (Fig. 6, lanes 5, 6, and 7).
Electrophoretic mobility shift assays confirmed the binding
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pattern of the DNAse footprinting and contributed addi-
tional information about the G-rich site. A 44 bp (=262 to
-218) biglycan DNA oligonucleotide was used as probe and
incubated with nuclear extracts from either MG-63 cells,
human dermal fibroblasts, Hela cells, or WI-38 cells
(Fig. 7A), all with similar binding patterns (data not
shown). Three DNA-protein complexes were seen, two
slow migrating (I and II, Fig. 7A) and one faster migrating
complex (III, Fig. 7A). All three complexes represent spe-
cific binding activity. In accordance with the DNAse foot-
printing, AP2 is probably not part of the complexes because
the wild-type 44 bp oligonucleotide and an oligonucleotide
with a mutated AP2 site competed equally well in the
binding experiments and an oligonucleotide with an AP2
consensus sequence did not compete for binding.
Oligonucleotides that had either a mutation in the central
part of the G-rich site (A44-G) or to the 3’ end of the site
(A44-GT) were then used as competitors in the EMSA. The
A44-GT oligonucleotide competed as well as the wild-type and
the A44-AP2 oligonucleotides, only the A44-G oligonucleotide
could not inhibit binding to the wild-type probe. An Spl
consensus oligonucleotide also did not work as a competitor.
Taken together, these results suggest that the G-rich site and
not the AP2 site in the biglycan promoter is a binding site for
one or more nuclear factors. The G-rich site is similar to the
c-Krox binding site in the mouse al (I) collagen promoter
(Fig. 7B), and in the EMSA the a1 (I)coll oligonucleotide was
equally efficient as competitor for the binding activity of the
fast migrating complex (Fig. 7A, 111, lanes 11 and 12) as the 44
bp oligo. This indicated that the G-rich site is a c-Krox binding
site, and to test this, EMSA was performed with cell extracts
from COS cells that had been transfected with a sense or
antisense human c-Krox expression vector. When the 44 bp
biglycan probe was used, only extracts from COS cells trans-
fected with the sense c-Krox expression vector resulted in a
mobility shift Fig. 8A). The binding could be competed with
the addition of either the unlabeled 44 bp probe or the al
(Dcoll oligonucleotide, but not with an Sp1 or AP1 consensus
oligonucleotide. The extracts from the sense or antisense
transfected COS cells were of equally good quality as shown by
EMSA. (Fig. 8B). In this experiment, incubation of the c-Krox
antisense or sense extracts with a probe that contained the Sp1
consensus sequence resulted in an identical binding pattern.
The upper two bands represent specific binding as shown with
the addition of a 100-fold excess unlabeled Sp1 oligonucleo-
tide (Fig. 8B, arrows). These results further support the hy-
pothesis that c-Krox binds to the human biglycan promoter.

Detection of c-Krox mRNA in human
osteoblastic cells

The experiments described above indicated that c-Krox
might be involved in the transcriptional regulation of bigly-
can and, since c-Krox has only been shown to be expressed
in fibroblasts, we wanted to investigate whether other big-
lycan-expressing cells express c-Krox. mRNA from MG-63
cells, human osteoblastic cells, and human bone marrow
stromal cells was reverse transcribed and PCR amplified
(RT-PCR) with human c-Krox-specific primers. The prod-
ucts were analyzed by agarose gel electrophoresis. A single
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FIG. 5. The promoter activity of four
different human biglycan promoter con-
structs when transiently transfected into
human dermal fibroblasts with the geno-
type 46,XX, 47,XXX, or 45,X. CAT ac-
tivity was divided by luciferase activity
and expressed in percentage relative to
the activity of construct —428 which was
arbitrarily set at 100%. The error bars
represent the standard error of mean.
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band of the expected size of 308 bp®* was obtained from
all three cell types (Fig. 9A). No product was obtained when
the reverse transcriptase was omitted from the reaction.
Subcloning and DNA sequencing of the 308 bp product
confirmed that it was human c-Krox.?® To further verify
these results, a Northern blot was made with total RNA
isolated from either MG-63 cells, WI-38 cells, or human
osteoblastic cells. Hybridization with a radiolabeled human
c-Krox cDNA®? detected a ~3.4 kb transcript in all three
cell types (Fig. 9B), and this size corresponds to the ~3.5 kb
transcript detected in mouse fibroblasts.'®

DISCUSSION

Although the function of biglycan is currently unknown,
evidence is emerging which points toward a role in the
organization of the extracellular matrix, a function as a
growth factor binding protein,® and a possible participant
in osteoblast differentiation."” The mechanisms involved in
the transcriptional regulation of the human biglycan gene
have just recently begun to be elucidated.®” In the present
study, human dermal fibroblasts were transfected with pro-
gressive deletional biglycan 5'-flanking DNA constructs,
and a significant variation in activity among the individual
constructs were found. A small deletion often caused a
more than 2-fold increase or decrease in promoter activity,
indicating the presence of repressor or activator activity.
The deleted DNA sequences implicated in repressor activ-
ity, in all cases, do not contain consensus sequences for any
known trans-acting factors, indicating the presence of novel
cis-acting elements. On the contrary, the DNA that gave
rise to significant increases in promoter activity contains the
putative binding sites for many well characterized activa-
tors. A total of 1208 bp upstream from the transcriptional
start site were analyzed, and the —1208 construct consis-
tently had very low activity, indicating that more upstream
(or downstream) DNA may be required for the complete
transcriptional regulation of the biglycan gene. In addition,
the current study does not elucidate which elements that
might be responsible for cell-specific expression of human
biglycan. The computer comparison of the 5'-flanking DNA
of mouse and human biglycan showed that they are highly
homologous (Fig. 2) however, even though most of the Spl
sites are well conserved, the more upstream elements are

Experiments were done in triplicate and
repeated three times.
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FIG. 6. DNAse footprinting analysis of the human bigly-
can 5'-flanking DNA from —428 to —188. The diagram to
the left depicts the position of the different putative binding
sites as concluded from the Maxam-Gilbert sequencing
reaction; the C/T and C reactions are shown in lanes 1 and
2, respectively. For the binding experiments, the probe was
incubated as follows: buffer alone (lane 3), 40 ug of HeLa
extract (from Promega, lane 4), ~50 ng of AP-2 protein
(from Promega, lane 5), ~50 ng of AP-2 protein with
100-fold molar excess 44 bp —262 to —218 biglycan oligonu-
cleotide (lane 6), ~50 ng of AP-2 protein with 100- fold
molar excess 44 bp —262 to -218 biglycan oligonucleotide
with a mutated AP2 site (A44-AP2, lane 7), ~50 ng of SP1
protein (from Promega, lane 8), ~50 ng of SP1 protein with
100-fold molar excess of a SP1 consensus oligonucleotide
(from Promega, lane 9).
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FIG. 7. (A) Electrophoretic mobility shift assay. The bi-
glycan —262 to —218 (44) oligonucleotide was used as probe
and incubated with nuclear extracts from WI-38 fibroblasts
(lanes 2-16). Lane 1 shows the migration of the probe
without addition of protein. Fifty- and 100-fold molar ex-
cess of competitor oligonucleotides were used (lanes 3-16).
(B) The sequences of the different double-stranded DNA
oligonucleotides used in the binding experiments. The 44 is
the —262 to -218 biglycan sequence; various mutations
(boxed) have been introduced in the following three oligo-
nucleotides. la(I)coll contains the sequence of the c-Krox
binding site in the mouse al (I)collagen promoter. This
binding site was used for the cloning of mouse c-Krox.('®)

not. An example is the NF1 site in the human gene, which
is protected in the DNAse footprinting (Fig. 6) but which
does not seem to be present at the same position in the
mouse gene.

To elucidate the transcriptional regulation of the biglycan
gene in individuals with sex chromosome anomalies, fibro-
blasts from either 45,X, 46,XX, 47,XXX, or 49, XXXXY
donors were transiently transfected with biglycan 5’-flank-
ing DNA connected to a reporter gene. A differential reg-
ulation of the biglycan promoter was found implicating the
—262 to —218 region of the biglycan 5'-flanking gene in the
regulation. These experiments revealed a potentially inter-
esting regulatory area of the biglycan gene, and for this
reason the —262 to -218 region was analyzed in detail.
DNAse footprinting and electrophoretic mobility assays
identified the G-rich site located at approximately —248 to
—230 to be the major nuclear factor binding site. No binding
was found to the AP2 site, and transient transfections of
human dermal fibroblasts with constructs with a mutated
AP2 site showed no change in transcriptional activity com-
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FIG. 8. Electrophoretic mobility shift assays. (A) The bi-
glycan 44 bp probe was incubated with 5 ug of whole cell
extract from COS cells transfected with either an antisense
(lane 1) or sense c-Krox expression vector (lanes 2-6).
Various oligonucleotides were used as competitors in 100-
fold molar excess (lanes 3-6). (B) A labeled Spl consensus
sequence oligonucleotide was incubated with 5 ug of whole
cell extract from the c-Krox antisense (lanes 1 and 2) or
sense (lanes 3 and 4) expressing COS cells. A 100-fold
molar excess of the Spl oligonucleotide was used as com-
petitor (lanes 2 and 4).

pared with the wild-type construct (data not shown). Re-
cently the transcription factor c-Krox (collagen Krox pro-
tein) was discovered'?; it binds to sites in the type I
collagen promoters and regulates transcription."'* Because
its binding site is very similar to the biglycan G-rich site
(Fig. 7B), we decided to examine whether c-Krox could
bind to this sequence in the biglycan promoter. We subse-
quently showed that at least one of the factors that binds the
biglycan G-rich site also binds the a1 (I)collagen c-Krox site
and that recombinant human c-Krox can bind specifically to
the biglycan site. Taken together, we suggest that the bigly-
can G-rich site is a c-Krox binding site.

The observation that EMSA of nuclear extracts from
human dermal fibroblasts and human primary osteoblastic
cells were similar suggested that c-Krox might also be ex-
pressed in osteoblasts. The human c-Krox transcript was
then identified in primary osteoblastic cells, in MG-63 cells,
and human bone marrow stromal cells, both by RT-PCR
and Northern blotting, suggesting that these cell types ex-
press c-Krox and that c-Krox like Krox-20** might play a
role in bone. The few studies that have been performed to
examine c-Krox expression have been done exclusively in
mice,"*!* where the c-Krox mRNA was found predomi-
nantly in skin and to a lesser degree in heart, smooth
muscle, liver, and spleen; no expression was detected in
bone. In our hands, the c-Krox expression was equal if not
more pronounced in osteoblasts compared with fibroblasts,
and it is possible this might reflect a different expression in
humans compared with mice.
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FIG.9. (A) RT-PCR with c-Krox—specific primers, in the
control reactions (lane 2, 4, and 6) the reverse transcriptase
was omitted from the cDNA synthesis. MG-63 is an osteo-
sarcoma cell line; bone and stromal cells are human primary
osteoblastic cells and human bone marrow stromal cells,
respectively. The arrow shows the location of the 308 bp
PCR product. “M” indicates the lane with the 123 bp
ladder; the size of the bands increases with 123 bp for each
step, beginning with 123 bp at the bottom of the gel. (B)
Northern blot analysis of human c-Krox transcript, 20 ug of
total RNA was loaded in each lane. The arrow indicates the
position of the c-Krox mRNA at ~3.4 kb, just below 28S
rRNA. (C) The RNA gel was used for Northern blot anal-
ysis. Lanes 1, 2, and 3 correspond to lanes 1, 2, and 3 in
Fig. 8B. “M” indicates the lane with the RNA markers with
the sizes 0.24, 1.35, 2.37, 4.40, 7.46, and 9.49 kb (GIBCO
BRL Life Technologies).

It would be interesting to determine whether c-Krox
plays a role in the phenotype of Turner syndrome. To date,
the chromosomal localization of the human gene is not
known, but mouse c-Krox has been mapped to the (A1-A2)
region of the X chromosome.""* An argument against in-
volvement of c-Krox in the Ullrich-Turner syndrome is the
observation that collagen mRNA expression does not seem
to be affected in dermal fibroblasts from females with the
syndrome.” However, the lack of c-Krox expression in
mouse bone does not exclude c-Krox as a candidate since
mice that are X0, in contrast to humans, are viable, fertile,
and anatomically normal.®® Another pathological condi-
tion where c-Krox might play a role is fibrosis, for example
in keloids there is a coordinate induction of type I collagen
and biglycan expression, but normal expression of
decorin.®® Decorin is a small proteoglycan that is 55%
homologous to biglycan'> and that often is present in the
same tissues as biglycan.> The homology of the two genes
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does not extend to the 5’ flanking DNA,®® and using
computer searches (Program Manual for the Wisconsin
Package, Version 8, Genetics Computer Group), we have
not found the sequence of a c-Krox binding site in the
decorin gene.

In summary, our data provide evidence for a diverse
transcriptional regulation of the human biglycan gene which
possibly is affected in individuals with sex chromosome
anomalies. In addition, we have shown that the transcrip-
tion factor c-Krox has a binding site in the biglycan pro-
moter and that c-Krox is expressed in human primary os-
teoblastic cells. This study provides a basis for further
studies of the expression and role of c-Krox in human bone.
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